Thermal Integral Micro-Generation (TIMGen) 
Introduction
Solar thermal electricity generation systems have been proposed over a wide range of sizes, from a few kilowatts to hundreds of Megawatts ͓1͔. Conventional power generation is also done in this wide range of sizes. The generation in both cases is centralized, performed by a single central engine or a small number of relatively large engines in parallel. In the solar plant case, the solar radiation is collected over a large area and the energy is then channeled to the central generation site. The central engine is usually made as large as possible, since this enables higher conversion efficiency. The centralized approach entails major challenges in distribution, redundancy, and adjustment of electricity production rate to match demand. For solar thermal plants, not being yet a mainstream technology, the centralized approach is problematic in the transition from research and development to commercial applications. Centralized solar power plants are expected to become competitive when they reach the scale of 100 MW e ͓2͔, since mass production of critical components requires high production volume. The investment and the risk associated with such large plants are very high, and attempts to commercialize these technologies have met with little success so far.
A diametrically opposite approach to thermal conversion is to consider the smaller scale rather than the larger scale. Thermal generators on the scale of a few Watts are proposed. A plant can have thousands or even millions of small, self-contained microgenerators. The possible advantages of this approach are:
• Unprecedented scalability to any desired size with no effect on performance ͑assuming that issues of connectivity, distribution, etc. can be resolved͒ • High reliability due to massive redundancy ͑assuming that the individual generators are highly reliable͒ • Low cost through mass production even for relatively low power levels • Low investment and low risk in development and demonstration of the technology.
Recent developments in Micro-Electro-Mechanical System ͑MEMS͒ indicate that small-scale heat engines with built-in electricity generators are becoming feasible ͓3͔. Additional options for direct thermal generation without a mechanical engine are also available. Four options are discussed in this paper: Brayton and Stirling heat engines, thermoelectric and thermophotovoltaic conversion. Downscaling the concentration optics is clearly feasible ͓4͔. The only component whose downscaling cannot be deduced from previous work is the solar receiver. A receiver concept adapted for micro-generators is proposed and analyzed here. A complete Solar Thermal Integral Micro-Generator ͑STIMGen͒ system is then presented. A fuel-based Thermal Integral MicroGenerator ͑TIMGen͒, which is derived from the same principles by removing the solar part, is also discussed.
The STIMGens proposed here are similar in scale to photovoltaic cells. However, they are based on thermal conversion, which allows hybridization ͑operation with both solar heat and fuel͒ to continue generating electricity even when sunlight is not available. The external heat source can be conventional fuel, but a renewable source can also be used, for example, biogas derived from organic waste. This is a major advantage since it enables operation according to the actual demand for electricity, without limitation to sunlight hours only. This also permits stand-alone operation of a remote solar generator without reliance on a grid connection, without a conventional backup generator, and without the need for batteries.
In this paper, we consider the feasibility of this approach. First, the system components are presented: optics, thermal receiver, and generator subsystem. Next, the overall conversion efficiency of a complete solar micro-generator is estimated. Finally, an overview of possible applications and a comparison to other generating options are presented.
2 System Description 2.1 Optics. Concentrators are scalable practically to any desired size. On the scale of interest to STIMGen, a parabolic dish of 1 m diameter can collect about 630 W of radiation power ͑un-der insolation of 800 W m Ϫ2 ͒, and concentrate most of it on a target of about 20 mm diameter. Several concentrators can be mounted on a common platform that tracks the sun ͓4,5͔. Previous proposals for small concentrators intended to collect the light from each small dish into an optical fiber. All fibers are channeled to a central site, where the concentrated sunlight is absorbed and converted using conventional large-scale receiver and heat engine.
The need to guide concentrated sunlight over long distances can make this approach expensive due to the cost of the fibers, and inefficient due to attenuation loss in the fibers ͓6,7͔. However, in a STIMGen, the receiver and generator are local to the dish and no additional optical transport is needed. Manufacturing of small parabolic dishes should be simpler than large dishes or heliostats that require a large, stiff structure and alignment of many segments to a common curvature. If the STIMGen dishes are small enough to be produced in a single piece, they can be easily adapted for mass production, for example as done for automotive headlight reflectors. Issues of geometric accuracy and long-term durability will have to be addressed in such designs for mass production.
Several options for optical design are shown in Fig. 1 . The simplest configuration, Fig. 1a , is to place the receiver/generator in the focal area of the mini-dish. This will block some of the incident radiation, especially if the heat rejection elements ͑Sec-tion 2.3͒ have to be large. This shading can be avoided if an off-axis dish is used, as shown in Fig. 1b . An off-axis dish will have somewhat larger area for the same collected power, leading to some penalty in efficiency. An alternative solution is to place the receiver behind the dish using Cassegrainian optics, Fig. 1c . This design involves a penalty in efficiency due to additional reflections, and in cost due to additional optical elements. The selection of the best trade-off between these considerations should be left to the detailed design of a system.
For the analysis in this paper, the simpler design of Fig. 1a was used with the receiver placed in the focal point of the dish. The dish was chosen to have a rim angle of R ϭ45°, providing a reasonably high concentration without the need to reject much low-flux radiation at the periphery of the focal region. The flux distribution at the focal plane was simulated using statistical ray tracing, using a limb-darkened sunshape model ͓1͔ with 5 mrad width, and reflector beam quality of 3 mrad representing typical surface and tracking errors. The intercept diameter d was determined as the largest diameter where the incident flux is larger than the thermal emission flux at the receiver wall temperature. This diameter determines the intercept efficiency:
The intercept diameter d is proportional to the dish diameter D for a given receiver temperature. The optical efficiency is therefore determined by the receiver temperature, and is insensitive to scaling of the dish size. The collected power then scales with the dish aperture area.
A more detailed analysis might also account for shading, if a large size heat rejection surface or secondary reflector is used; and for losses in additional optical stages, if a secondary concentrator or a Cassegrainian configuration is used.
Receiver.
Conventional receivers for large-scale solar thermal electricity generation systems are usually stand-alone devices, connected to a nearby heat engine via pipes carrying the heated fluid. This approach cannot be used in a micro-scale device, since the bulk and cost of the thermal insulation needed to prevent thermal losses to the environment will be excessive. We, therefore, propose a different approach that is adapted to microscale conversion systems, essentially eliminating the need for thermal insulation.
We presume that the micro-scale generators considered here ͑Section 2.3͒ have the general shape of thin rectangular boxes. In all cases except the Brayton engine, the two larger faces of the box are used as the hot and cold heat exchangers. The proposed receiver is made of a rectangular cavity, as shown in Fig. 2a . Five sides of the cavity are formed from integral units comprising each of a solar absorber, a generator, and a heat rejection element. The last side of the cube is a front plate containing the aperture for incident concentrated solar radiation.
The solar absorber, serving also as the high-temperature heat sink of each generator, can be enhanced to increase absorptivity with surface roughness or an extended surface produced, e.g., by parallel grooves. The choice of material depends on the temperature range, and experience from large-scale solar receivers can help identify suitable materials. For example, Silicon Carbide has an attractive combination of mechanical and thermal stability over a wide temperature range, and good absorptivity; it was also proposed as a structural material for the miniature Brayton generator ͓8͔. The external side of the receiver/generator is composed of extended surface heat sinks that reject low-temperature heat to the environment ͑Section 2.3͒. Since the receiver's external walls are composed of these heat rejection elements, and the hot receiver surfaces have no direct connection to the environment, there is no need for insulation of the receiver cavity.
Optionally, the receiver cavity formed by the generators and the front plate may be closed with a transparent window at the aper- ture, as shown in Fig. 2a , and filled with a relatively inert gas such as nitrogen. This can prevent oxidation or other damage to the absorber surfaces, and considerably reduce the convection and emission losses through the aperture. Appropriate window materials such as fused silica are transparent over the entire solar spectrum, and can withstand relatively high temperature without adverse effects ͓9͔.
The efficiency of the receiver is calculated by evaluating the various losses. The emission loss is estimated by assuming that the cavity is equivalent to a black surface with area equal to the area of the aperture A, and temperature equal to the average temperature T HS of the internal absorber surfaces. Convection loss through the aperture is estimated using an algorithm for high temperature cavities ͓10͔, which is quite complex and will not be reproduced here. Conduction loss is not present in its usual sense, since the absorbing surfaces do not have an interface to the ambient. Conduction through the generator to the cold side is accounted for separately ͑Section 2.3͒. The receiver efficiency is then:
A more detailed analysis might also account for the effects on non-uniformity in the distributions of incident flux and temperature on the receiver surfaces.
Electricity Generation.
Several options are available for generating electricity on small scale, using existing or emerging technologies. These generators are in principle exchangeable, since they all can be viewed as a black box with heat input, heat rejection, and appropriate flow and electric connections. Obviously, this is a simplistic view since a system needs to be optimized separately for each specific generator technology. However, it is noteworthy that the principles are similar. Four options are presented in this section: two heat engines ͑Stirling and Brayton͒ and two direct converters ͑thermoelectric and thermophotovoltaic͒. The first two options will be analyzed in some detail.
Size Scaling. In a standard thermodynamic analysis of power cycles, the device size and its power level are usually scaled out and the analysis deals only with efficiency and specific power. However, for small-scale devices this does not hold, due to a significant size-dependent power loss that is usually neglected in large-scale devices. Heat is conducted through the generator's structure, bypassing the energy conversion process ͑this is sometimes called thermal shunt loss͒. This loss depends on the physical size of the engine, and not only on the thermodynamic variables ͓11,12͔. This power lost by conduction is proportional to the generator size:
The power produced in a heat engine is usually proportional to the displaced volume in the engine. If the engine is scaled geometrically ͑constant R COND , R H ͒, the ratio of the heat conduction loss per unit volume is indicative of the relative magnitude of this heat loss. The scaling of this ratio with generator size is:
Very small engines will be therefore excessively inefficient. This is a limiting factor on generator downscaling, as noted for Stirling engines by ͓12͔.
In a solar device, the scaling of generated power relative to system size is different. The heat input to the generator, and therefore the generated power, is determined by the incident radiation that scales with D 2 , according to Eq. ͑2͒. One way to satisfy this constraint is to vary the generator size not in proportion to the dish size, but following the relation D G 3 ϰD 2 . However, this implies that as we scale down the system, the generator becomes large relative to the dish. Another way to satisfy the scaling imposed by the dish is to note that the generator power is determined not only by its size, but also by flow rate ͑in an open cycle͒ or frequency ͑in a closed cycle͒. For example, if the frequency of a Stirling engine is varied with size such that f •D G is constant, then the power output can be estimated as ͓13͔:
The required scaling of the frequency, f ϰD G Ϫ1 , is the same as the scaling of the natural frequency ͓11͔. When the relation in Eq. ͑6͒ holds, the generator can be scaled down geometrically, with its linear dimension proportional to the dimension of the dish: D G ϰD. The scaling of the engine conduction loss then differs from Eq. ͑5͒:
The increase of the relative conduction loss is therefore slower in the solar-driven engine due to the need to match the scaling of the collected power. Additional degrees of freedom might be used to obtain the correct matching of the power collected by the dish to the power that can be converted by the engine. For example, the operating pressure can be varied, or several parameters ͑geometry, frequency, pressure͒ can be varied simultaneously. For the current study, we assume that the engine design is scaled to satisfy Eq. ͑6͒.
Generator Model. The models developed for this analysis are simplified; only major aspects that can be modeled without referring to the detailed design of the engine are included. The system efficiency predicted by these models may therefore be overestimated. Internal losses by conduction and radiation are included for both cycles. The Stirling cycle model includes imperfect regeneration, but not friction losses. External irreversibility due to temperature gradients at the heat sinks is modeled in some detail, since its effect on efficiency can be significant. The internal losses in the Brayton cycle were included as a global isentropic effi- ciency, without referring to design-specific effects such as tip leakage that can have significant size dependence. Pressure loss in the Brayton cycle due to flow through the receiver and recuperator is modeled; any additional pressure losses due to flow control, combustor, etc., are represented as a fixed fractional pressure loss.
Thermal conduction between the hot and cold side of the engine was computed using Eq. ͑4͒. An additional mechanism for heat loss is thermal radiation between the hot and cold sides of the generator. This can become significant as the temperature of the hot size increases. However, this loss is reduced by the presence of additional intermediate components serving as radiation shields. The loss of thermal energy by radiation between the engine hot and cold sides was estimated as:
The ratio of this radiative loss to the generated power is neutral to scale of the generator.
The following assumptions on the geometry and properties of the generator materials were used in the numerical results presented below. The ratio of cross section areas available for conduction and radiation to the generator's total cross-section area were estimated as R COND ϭ0.1 and R RAD ϭ0.3. The ratio of the conduction path length, or the generator's height, to its width was estimated as R H ϭ0.3, following the approximate proportions of ͓8͔. The wall conductivity was k G ϭ1.0 W m Ϫ1 K Ϫ1 , in the middle of the feasible range of materials ͓12͔. Some cases were compared to much lower conductivity of k G ϭ0.1 W m Ϫ1 K Ϫ1 . The emissivity of the internal surfaces was ϭ0.4. Additional engine parameters are presented in Table 1 .
Stirling Cycle. The Stirling cycle is an attractive option for power generation due to its high efficiency, theoretically reaching the Carnot limit. Practical Stirling engines often fall short of this theoretical performance, but careful design should be able to achieve a high fraction of the ideal efficiency ͓14͔. Stirling engines are also popular in solar thermal systems, and hold the current record in solar to electricity conversion efficiency ͓1,15͔. Small Stirling cycle engines with a traditional piston mechanism were proposed down to the scale of a few centimeters ͓11͔. However, on a smaller scale the use of membranes rather than pistons for fluid displacement would be preferable ͓11,16͔. Scaling to small size can improve some aspects of the engine performance, such as increasing heat transfer and reducing the effect of inertia. On the other hand, other effects are negative, such as increase of pressure loss in flow through narrow passages.
We use the simple Stirling cycle model of ͓12͔ to evaluate the generator efficiency:
This model already includes the effect of imperfect heat transfer between the regenerator and the fluid. The regenerator effectiveness is taken as HX ϭ0.9, which is a typical value over a wide range of the internal heat transfer coefficient and heat exchanger material selection ͓17͔. The bypass of heat by conduction and radiation from the hot side to the cold side of the engine were computed separately as described above.
A major cause of efficiency reduction is the temperature differences due to imperfect heat transfer between the gas at temperatures T H , T C and the hot and cold heat sinks at T HS , T CS ͓14͔. Several correlations are available for the average heat transfer coefficient in a piston-cylinder system, for example ͓18,19͔. The heat transfer coefficient derived from these correlations scales as D G 0.6 ͓18͔ and D G 1.4 ͓19͔, i.e., heat transfer is reduced for smaller devices; this is not acceptable for microscale heat transfer. These correlations were developed for larger systems, where the heat transfer is dominated by complex secondary flow effects. In the microscale regime, these secondary flows should be diminished, and heat transfer should be dominated by conduction and therefore improve as the device size is reduced. An alternative transient conduction model was used to determine the heat transfer at the heat sinks. The time-averaged heat transfer coefficient is given by Eq. ͑A4͒ in the Appendix.
An additional temperature difference exists between the cold sink and the ambient. The magnitude of the heat flux to be rejected to the environment is similar to, or even lower than, the heat flux generated by modern computer processors. The solution used in computers, a compact fin array and a small blower, could be applicable to reject heat from the micro-engines. Typical performance values for CPU coolers were used to evaluate the STIMGen heat rejection. Typical CPU heat flux is about 40 W cm Ϫ2 , for modern chips of die size 100-150 mm 2 . The thermal resistance of the fin array unit is about 0.5°C W Ϫ1 cm 2 . The power consumption of the blower is about 2 W for 50 W of heat removed. The thermal resistance value was used to compute the temperature difference between the cold sink and the environment at 300 K. The parasitic power was subtracted from the generator's power output.
Brayton Cycle. Large scale Brayton cycle engines ͑gas turbines͒ are a popular choice in power generation in general, as well as in solar power generation ͓20-22͔. A miniature Brayton cycle engine is under development at MIT ͓8͔. The engine size is about 1 centimeter in diameter, and it should be able to generate around 10 W of electricity. Such a micro gas turbine can be a candidate for integration in a STIMGen.
Efficiency of a recuperative Brayton cycle can be described by the following set of equations: This model includes the irreversibility in the compressor and turbine, incomplete recuperation, and pressure losses due to the combustor, recuperator and solar receiver. Table 1 shows the values used for the cycle parameters. The additional power losses due to heat conduction and radiation through the engine structure are calculated separately following Eqs. ͑4͒ and ͑8͒.
Heating of the working gas between the recuperator and the turbine is accomplished in a heat exchanger embedded within the hot sink as shown in Fig. 2b . The gas enters the hot sink after leaving the recuperator at temperature T RCP and exits at T H . T H is found by solving the energy balance equation:
The convection coefficient h and the pressure drop can be found from well-known relations for laminar flow and heat transfer in rectangular ducts. The flow is expected to be laminar since the width of the channels in the heat exchanger are of millimeter size or less; computed values of the Reynolds number justify this assumption. The channel aspect ratio can affect the friction factor and the Nusselt number, and representative values that correspond to aspect ratio of 2.5 are used:
where Re D and Nu D are based on the channel's hydraulic diameter D h . The pressure loss in the heat exchanger channels according to the friction factor of Eq. ͑12͒ was added to the fixed pressure loss ͑Table 1͒ as an additional penalty on performance. The channel dimensions in the hot sink heat exchanger were optimized to provide the highest system efficiency. The additional pressure loss in the recuperator is computed in the same way.
Thermoelectric Converter. Thermoelectric ͑TE͒ devices have been in use for a while, mostly for cooling applications, but they can also be used for generation of electricity from heat. The main advantage of TE over heat engines is the lack of moving parts hence greater reliability. On the other hand, TE currently has lower efficiency than heat engines, about 10% of the Carnot limit. Due to the low efficiency, TE has not been very popular in solar energy ͓23͔ or for power generation in general.
The low efficiency is due to the properties of currently available materials, and there does not seem to be a fundamental reason why TE devices cannot attain higher efficiency ͓24͔. New approaches to TE materials promise significant improvements in the near future ͓25͔. In addition, most TE devices operate at relatively low temperatures; increasing the temperature will increase the device's efficiency. With proper choice of materials, operation at over 800 K may be considered ͓26͔. The combination of new materials and high-temperature operation could bring TE generators to an efficiency level comparable to photovoltaic cells or heat engines. If this is realized, then TE generators will become significant contenders for a STIMGen system, with the inherent advantages of simplicity and reliability when compared to heat engines. A related option that can operate at high temperature and may achieve higher efficiency is a two-stage thermionic/ thermoelectric conversion process ͓27͔.
Thermo-Photovoltaic Converters. High temperature thermophotovoltaic ͑TPV͒ converters have been developed and demonstrated on a kilowatt scale. Similar to TE generators, TPV generators have no moving parts and should have greater reliability than heat engines. TPV currently has lower efficiency than heat engines, in the range 5-10% from heat to electricity; however, higher conversion efficiency up to 20% should be possible ͓28͔. Current limitations are related to material properties. A good TPV system requires a selective emitter/filter system with well-defined transmission band and low absorption losses; and a PV cell with a bandgap that is well matched to the transmission band of the filter. If such a combination can be realized in an appropriate wavelength, for example around 1.5 m, corresponding to emitter temperature of 1,400°C ͓29͔, then a competitive TPV-STIMGen system may be realized. In this system, the selective emitter is the back face of the solar absorber, and the PV cell is attached to the back of the external heat sink. A minimal mechanical support completes the simple generator unit, with no need for pressure sealing ͑as for the heat engines͒ and no need for thermal insulation.
Hybridization.
Operation of a thermal plant can continue even when sunlight is not available by supplying heat from an alternative source. Heat from conventional fuel can be supplied to a STIMGen by attaching a small external combustion unit to the receiver/generator assembly, or by integrating the combustion unit within the generator ͓8͔. The fuel should be a clean-burning and easily distributed fuel such as hydrogen or methane. For the Brayton cycle, a combustor and heat exchanger are already integral parts of the system. For the Stirling generator and the direct converters, a heat exchanger as shown in Fig. 2b can be inserted at the absorber, similar to the Brayton STIMGen. Hot air from the combustion chamber is guided into the internal channels to heat the high-temperature heat sink. When sunlight becomes available, this flow can be reduced or stopped. If the heat exchanger is made from a material having high specific heat, then it can also serve as short-term thermal storage that will smooth any transients in the heating processes.
Including a combustor in a STIMGen poses several additional challenges to the system design. Miniature combustors are a technology currently under development. A fuel distribution system, flow control, and recuperation add to the complexity and cost of the system. These difficulties may be alleviated if some of the needed components ͑such as controls and heat exchangers͒ can be integrated into the generator structure and, therefore, manufactured simultaneously with little added cost. Additional design and experimentation are needed to determine which solutions can be practical and cost-effective for small-scale distributed combustion.
Results
Since the two direct conversion systems that were described above currently have relatively low efficiency, we present here only results for the two heat engine options.
Stirling Cycle STIMGen.
The efficiency of a Stirlingbased STIMGen as a function of temperature is presented in Fig.  3a , for two sizes of the primary collector. The engine size is about 0.015 m and 0.03 m for dish diameter of Dϭ0.5 m and 1.0 m, respectively. The variation of efficiency with temperature shows a maximum, due to the opposing effects of temperature variation, as seen in Fig. 3b . The magnitude of the external irreversibility due to temperature drops at the heat sinks is diminished as the temperature increases, leading to higher engine efficiency. This can be seen in the variation of the relative loss of temperature potential, 1Ϫ(T H ϪT C )/(T HS ϪT CS ), which is reduced at higher temperature. On the other hand, the receiver losses and the heat bypass inside the engine increase with temperature. The maximum efficiency is about 30 percent at 1,000 K for the 0.5 m dish, and 27% at 1,100 K for the 1.0 m dish.
The dependence of system efficiency on size at fixed receiver temperature of 1,100 K is shown in Fig. 4a . Optimal performance is obtained around Dϭ0.7 m ͑generator size 0.019 m͒, where the system solar-to-electricity efficiency is 29 percent. The efficiency for lower generator conductivity of 0.1 W m Ϫ1 K Ϫ1 , at the lower limit of feasible material properties ͓12͔, is also shown for comparison. The trend is similar, but the efficiency optimum is higher ͑36%͒ and is shifted to smaller dish size of 0.34 m ͑generator size 0.010 m͒. The main loss mechanisms are shown in Fig. 4b . The loss due to generator conduction increases as the size decreases, approximately following the scaling of Eq. ͑7͒. On the other hand, heat transfer at the heat sinks improves as the size decreases, and therefore the external irreversibility is reduced. The temperature differences from the heat sinks to the gas decrease, increasing the gas temperature ratio T H /T C and therefore increasing the internal cycle efficiency. These opposing trends create an optimal system size. For the lower conductivity case, the conduction loss is much smaller, and a significant increase of this loss occurs only at dish size below 0.2 m, compared to 0.5 m for the higher conductivity. This permits much smaller systems to remain efficient, as shown in Fig. 4a . The other loss components are relatively insensitive to the size variation and do not play a significant role in the optimization of system size.
Brayton Cycle STIMGen.
The performance of a Brayton-based STIMGen is presented in Fig. 5 . The general trends are similar to the Stirling STIMGen. Variation of the total efficiency with temperature, Fig. 5a , shows an optimal temperature, again due to the balance between two effects. The engine's internal efficiency improves with higher temperature, but the external losses ͑receiver and generator thermal shunt͒ also increase. The maximum system efficiency of 13.3% is at temperature of 1,200 K for dish diameter of 0.5 m, and 14.6% at 1,300 K for dish diameter of 1 m. These are significantly lower than the corresponding maximum values for the Stirling systems, and the optimum occurs at higher temperatures for the same system size.
The variation of system efficiency with size is shown in Fig. 5b for a fixed receiver temperature of 1,200 K. Similar to the Stirling model described above, we find an optimal size for a Braytonbased STIMGen. This is again due to the balance between the internal conduction loss, which becomes significant at smaller system size, and the external irreversibility due to heat transfer, which dominates at the larger size. The optimal collector size is Dϭ0.7 m ͑generator size 0.019 m͒, with system efficiency of 14.5% which is about half of the corresponding Stirling STIMGen.
The size dependence of the system efficiency is shown also in Fig. 5b for generators with a lower thermal conductivity of 0.1 W m Ϫ1 K Ϫ1 . The trend is similar, with higher efficiency values and an optimum of 16.4% shifted to smaller system size of Dϭ0.5 m. This shift is similar to the Stirling STIMGen and is due to the reduction in conduction loss, which begins to increase only at smaller system size and, therefore, permits smaller systems to remain efficient.
Discussion
A new approach was proposed for the integration of solar thermal conversion devices, where the basic unit is as small as pos- sible rather than as large as possible. The most attractive option, based on efficiency estimates, is a STIMGen based on Stirling cycle generators. Predicted system efficiency was about 30% at the best size and operating temperature. The other options are significantly less efficient, but future advances may help reduce the gap in performance potential. We found that the preferred scale of a STIMGen is a collector diameter of about 0.5-1 m, and generator size of about 1 cm. This is based on efficiency estimates; a refinement of the efficiency estimates, and addition of other considerations such as cost, manufacturing processes etc., can modify this preferred size. The proposed approach of an integral structure for the thermal and generation functions can be used in a solar device, and can be also effective in a device where heat is provided from conventional or renewable fuel.
Theoretical models tend to over-predict the efficiency for Stirling cycles, so the present results should be considered with caution. However, even if we presume that a real STIMGen device will show only half the efficiency of the theoretical model, efficiency values of around 15% are quite attractive compared to existing solar energy conversion systems. Typical efficiency values of solar generators ͑both photovoltaic and thermal͒ are in the range of 10-20%. The highest recorded efficiency of a macroscale solar generator was 29%, achieved, quite appropriately, with a Stirling engine ͓15͔. This demonstrates the potential of Stirlingbased systems to provide very effective conversion of solar energy, and the potential of a Stirling-based STIMGen to compete with some larger systems.
The predicted efficiency of a recuperated Brayton system was about 15%, comparable to current commercial photovoltaic cells, and to current large-scale solar thermal systems such as parabolic trough or Rankine-based power towers. As in a Stirling engine, there will be a difference between the model results and a real system, but we have anticipated some of this difference by choosing conservative values for the component efficiencies and internal pressure drop. The performance of a real Brayton STIMGen might, therefore, be close to the model prediction, which would make it still a reasonable contender compared to other solar converter options.
Stirling engines that were previously used in larger-scale solar energy systems ͓15͔ required large and expensive heat exchangers, and suffered from reliability problems. Both problems may be alleviated in a STIMGen. Heat transfer from the hot sink to the internal fluid in the engine improves at smaller sizes, as seen in our results and in other studies ͓11͔. The heat exchanger is, therefore, more compact and temperature differences are smaller. Reliability might be improved if a membrane-based rather than piston-based engine can be developed, and the engine will then operate essentially without moving parts ͑in the sense of sliding contact͒.
The high efficiency provided by the Stirling cycle can be used with any high-temperature heat source, not just with solar heat. Heat derived from combustion of conventional fuel or biomass will be converted at the generator efficiency, which is higher than the solar plant efficiency since optical and receiver losses are absent. For example, the predicted heat to electricity conversion efficiency is 37% or 46% for the optimal generator with conductivity of 1.0 or 0.1 W m Ϫ1 K Ϫ1 . These values do not include losses in the heat supply system, such as stack losses or blower parasitic power consumption. Again, even if we assume that the efficiency of a real device will be about half of the theoretical model prediction, the result is still comparable to much larger engines that are in use today at power levels of 10-100 kW. A non-solar TIMGen ͑Thermal Integral Micro Generator͒ can be constructed from six generators as a rectangular cavity similar to Fig. 2 , again to avoid excessive losses from the hot surfaces and avoid the need for thermal insulation. The internal cavity can be designed to serve as the combustion chamber and heat exchanger that supplies heat to all six generators.
It is not currently possible to predict the actual cost of a massproduced STIMGen. MEMS technology in general is still experimental, and there is insufficient experience in mass production of MEMS components and systems. High-temperature MEMS is even less developed and more difficult to predict. The only qualitative statement that can be made is based on experience of other industries where mass production has led to significant cost reduction down to a competitive level. The small system size provides a rapid transition to mass production scale, as compared to largescale plants. For example, the Stirling STIMGen at Dϭ0.5 m and T HS ϭ1,100 K produces 45 W of electricity under nominal conditions. For a total capacity of 100 MW e , the number of STIMGen dishes and individual generators will be about 2 million and 10 million, respectively. In comparison, for a centralized solar generation scheme, this capacity represents a single custom-built system, and many similar plants are required before mass production can be contemplated.
Several application areas can be considered for STIMGen devices. The first will probably be remote off-grid small systems, where the cost of fuel supply for conventional generators is very high, and therefore, the value of electricity is high enough to justify innovative technology. Currently the only solution for this market is photovoltaic panels, which are expensive and cannot be hybridized. If STIMGen technology is successful in this niche, then eventual improvements in performance and cost may justify its penetration into the bulk electricity market. Modularity and access to mass production should be the main aspects driving the use of STIMGen systems in this more competitive field. Another kind of application that may be considered is portable power, if a design for a folding concentrator can be made that will be accurate and reliable enough to drive the high-temperature receiver. Parts of the technology for construction of STIMGen systems already exists today, while other parts are currently under development. Most likely, the first systems constructed will not yet operate at the high efficiency levels that were predicted here. Further development is needed in several aspects: the integral receiver/heat exchanger, miniature heat engine technology, miniature combustors, and new materials for the direct generators. The promise of modular, scalable, mass-produced, and eventually efficient, hybrid solar generators justifies this effort. 
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